Mg−Cu−Y alloys with optimal glass forming ability have been found at off-eutectic compositions. The critical size for bulk metallic glass formation at the pinpointed compositions more than doubles that of the previously discovered eutectic Mg 65 Cu 25 Y 10 alloy, leading to fully glassy rods with near-centimeter diameters in the ternary system upon copper mold casting. The result is a striking demonstration of the strong composition dependence of the glass forming ability, as well as of the need to scrutinize off-eutectic compositions. The implications of the discovery are discussed.
As a new family of engineering materials, bulk metallic glasses (BMGs) have attracted considerable attention in recent years. 1, 2 To date, BMGs with the largest sizes are obtained in the easy glass-forming Pd-and Zr-based alloys. 3, 4 Very recently, the critical size (smallest dimension of the cast sample) of the BMGs discovered in systems based on common engineering metals such as Fe 5, 6 and Cu 7 has also passed the 1-cm landmark, signaling the potential for more widespread applications of BMGs. Such exciting progress adds new incentives that motivate further search for lightweight BMGs based on Al and Mg, which are particularly interesting due to their high specific strength and relatively low cost. [8] [9] [10] [11] [12] [13] [14] [15] [16] So far, no bulk glass formation (critical size > 1 mm) has yet been reported for Al-based systems, and the BMGs developed in Mg-based systems have critical sizes still in the range of several millimeters when the copper mold casting method is used.
To improve the glass forming ability (GFA) for attaining larger BMGs, the prevailing approach is to use complex multicomponent systems. This is also the strategy that led to the recent successes with Fe- 5, 6 and Cu-based 7 BMGs. However, it is important to realize that all the BMGs successfully developed are built upon ternary or pseudo-ternary compositions, 17, 18 onto which additional or substituting elements are introduced. Therefore, it is important to first discover/utilize the full potential of the base ternary system by locating the best glass-forming compositions before expanding the search into multidimensional space. For the Mg-based systems, the first search that discovered good GFA for BMG formation was conducted by Inoue and co-workers in the ternary Mg−Cu−Y system. 10, 11 The Mg 65 Cu 25 Y 10 composition (denoted as the Inoue alloy hereafter) was found to be the most favorable so that BMG rods with a diameter of 4 mm could be fabricated via copper mold casting. The critical cooling rate to form the BMG was estimated to be on the order of 50 Ks −1 . 19 Meanwhile, the Mg 65 Cu 25 Y 10 alloy was determined to be at a eutectic composition, based on its melting behavior in calorimetry experiments. This would seem to conclude the optimization for GFA in the range of Mg−Cu−Y compositions covered by Inoue et al., according to the classical picture that deep eutectics are the most favorable locations for glass formation, and the long-standing criterion of a high reduced glass transition temperature. The Mg 65 Cu 25 Y 10 alloy also satisfied the criterion used by Inoue et al.; i.e., it is associated with a sizable supercooled liquid region. 10, 11 We show in this paper, however, that this is not the end of the story, but rather the beginning. Our conviction is that the optimal Mg−Cu−Y BMG formers should be close to but off the eutectic composition. Before discussing the underlying principles, we first present the striking result that through composition pinpointing using small intervals (∼1 at.%) in a search around the Mg 65 Cu 25 Y 10 eutectic composition, the critical size for BMG formation has been more than doubled, from 4 to 9 mm.
For preparing the BMGs, elemental pieces with purity better than 99.9% were used as starting materials. Cu−Y ingots were prepared as an intermediate alloy by arc melting under a Ti-gettered argon atmosphere in a watercooled copper crucible. This alloy was then melted with Mg pieces by induction melting under inert atmosphere to obtain a master alloy with the nominal composition (in atomic percentage). The alloy ingots were melted several times to ensure compositional homogeneity. To ensure that the alloy reached the desired composition, an excessive amount of Mg element, about 5 wt% of the nominal composition, was used in the starting materials to avoid the decrease of the Mg content due to evaporation during repeated melting. The alloy was then re-melted in a graphite tube using induction melting and injected in a purified inert atmosphere into the copper mold that has internal rod-shaped cavities of about 50 mm in length and varying diameters from 4 to 10 mm. The chemical analysis of selected samples using inductively coupled plasma emission spectroscopy (ICP; ICP10P, ARL, Valencia, CA) confirms that the composition deviation of the final alloy from the nominal composition is less than 0.5 at.%.
The cross-sectional surfaces of the rods were analyzed by x-ray diffraction (XRD) using a Rigaku D/max 2400 diffractometer (Tokyo, Japan) with monochromated Cu K ␣ radiation. The glass transition, crystallization, and melting behavior of the cast samples were investigated in a Perkin-Elmer differential scanning calorimeter (DSC; DSC-7, Shelton, CT) under flowing purified argon. Figure 1 shows the composition ranges for the formation of BMG rods. The BMG forming range with 4 mm as the maximum diameter is located within a composition range of 55−65 at.% Mg, 25−33 at.% Cu, and 9−13 at.% Y. For comparison, the Inoue alloy is marked with an open circle, which is located at the boundary of our 4 mm range. Between the gaps of the compositions they examined, we found that 4 mm BMGs spread over a range of compositions. The more exciting discovery in Fig. 1 is that 8-mm BMGs can be obtained over a smaller composition range (57.5−60.5 at.% Mg, 28.5−31.5 at.% Cu, and 10.5−11.5 at.% Y), off-center of the 4-mm region (Fig. 1) . By pinpointing the composition with more samples within this range, it was found that two alloys, Mg 58 Cu 30.5 Y 11.5 and Mg 58.5 Cu 30.5 Y 11 , exhibit even more astonishing GFA: 9-mm-diameter BMGs can be achieved at these compositions, as marked by the solid circles in Fig. 1 . Note that Inoue et al. used a relatively large composition step of 5 at.%, such that a step in all the directions attempted degraded the GFA significantly, bypassing the best compositions we discovered. as-cast rods with 4-mm and 5-mm diameters for the Inoue eutectic alloy are also shown in Fig. 2(b) . The critical diameter of the glass formation for this alloy is confirmed to be 4 mm, in agreement with Inoue's work. 10 . In all cases, a sharp exothermic crystallization peak is observed, as well as a clear endothermic event associated with the glass transition. The onset temperature of glass transition T g , onset temperature of the first crystallization event T x1 , width of the supercooled liquid region ⌬T x (defined as T x1 − T g ), and the heat of crystallization ⌬H x1, are listed in Table I . All the 9-mm-diameter glasses exhibit a ⌬T x value larger than that of the Inoue alloy (the largest ⌬T x reached 75 K for the Mg 58 Cu 30.5 Y 11.5 glass), and higher crystallization temperatures as well. It appears that an alloy with a larger ⌬T x value exhibits a stronger GFA in this system. Figure 3 (b) shows the DSC curves of the alloys, near and above their respective melting temperatures. The melting of the Mg 65 Cu 25 Y 10 alloy displays as a single endothermic event, confirming that the Inoue alloy is indeed located at a eutectic composition. In contrast, the melting curves of all the stronger glass forming alloys showed at least two events, indicating that these alloys are at off-eutectic compositions. The melting temperature T m and liquidus temperature T L of a series of alloys with a fixed Y content at 11 at.% (as marked by a dash line in Fig. 1 ) are plotted in Fig. 4(a) . The T m of the alloys is nearly the same as that of the eutectic Mg 65 Cu 25 Y 10 base alloy, within experimental error. This suggests that the melts of all the alloys undergo an identical eutectic reaction. Note that the minor changes in composition resulted in a large change of T L (also see Table I ), reflecting a large liquidus slope typical of a deep eutectic. The critical size for BMG formation versus composition is shown in Fig. 4(b) for comparison. The composition of the best glass former is about 5 at.% away from the eutectic point, on the Cu-rich side.
From the DSC results, the reduced glass transition temperature T rg , defined as T rg ‫ס‬ T g /T L , where T L is the liquidus temperature, has been calculated and is listed in Table I This work delivers two important messages. First of all, it is the first demonstration in a ternary system that composition differences as small as ∼1 at.% can result in dramatic changes in GFA, to the extent of more than doubling the critical size for BMG formation (from 4 to 8 or 9 mm, Fig. 1 ). The extraordinarily strong composition dependence of GFA explains why previous scrutiny of the same Mg−Cu−Y composition range, with larger composition steps (5 at.%), 10 missed altogether some extraordinary BMG formers (see Fig. 1 ). The broad implication is that in general one must be extremely careful in future selections of compositions for locating the best BMG forming alloy or making conclusions on the BMG forming ability of a particular system. The second message this work conveys is that equilibrium eutectic composition is often not the optimal composition for BMG formation. The rationale behind this realization has been discussed recently, 20, 21 invoking the well-known concept that the eutectic coupled zone can be skewed toward the side with the steeper liquidus slope. 22 This point is especially important to keep in mind for BMG forming systems, in which the eutectics are deep and often asymmetric. As shown in Fig. 4 , the best BMGs forming composition is indeed not at the eutectic composition but on the side with the larger liquidus slope. The alternative interpretation of a metastable eutectic point 23 is unlikely in this case because no additional (metastable) crystalline phases were detected in a comparison of the phases found in cast samples ( Fig. 2) with those in a sample slowly cooled to yield close-to-equilibrium eutectic products. Finally, we note that a near-centimeter-sized BMG even in a ternary system is a rare achievement, except in Pd-and Zr-based alloys, and paves the way for future development of bulky lightweight BMGs by adding additional components.
